Background: DL-3-n-butylphthalide (NBP) is a drug for treating acute ischemic stroke, and may play a neuroprotective role by acting on multiple active targets. The aim of this study was to predict the target proteins of NBP in mammalian cells.
Introduction
DL-3-n-butylphthalide (NBP) is the first class I novel drug of China used in the cerebrovascular field with an independent intellectual property right. Since it was approved in 2002, NBP has only been used for treating acute ischemic stroke. Recently, studies also show that NBP has a therapeutic effect on various neurodegenerative diseases, especially vascular dementia and vascular cognitive impairment without dementia (1) . In animal experiments, including our own investigations, NBP may reduce cerebral edema, decrease cerebral infarct volume, improve cerebral microcirculation, protect vascular endothelial cells, scavenge free radicals, protect mitochondria, reduce inflammation, inhibit neuronal apoptosis, counteract platelet aggregation, inhibit thrombosis and decrease the expression of β-amyloid protein and tau protein in the brain (1) (2) (3) . Therefore, NBP may play a neuroprotective role by acting on multiple active targets.
However, there is a dearth of studies on the molecular targets of NBP. Identification of its molecular targets is not only the key to further reveal the molecular mechanism of its neuroprotective effect, but also a source providing theoretical clues for developing new therapeutic indications. In this experiment, we explored the potential targets of NBP by employing the method of similarity ensemble approach (SEA) in combination with molecular docking.
This study may open the door to investigate the molecular mechanism of the neuroprotective effect of NBP.
Methods

Target prediction by similarity ensemble approach search tool (SEArch)
Primarily, NBP's target proteins in mammalian cells were predicted by using a SEArch, one of the commonly used public bioinformatics tools for target prediction based on the similarity of binding ligands (http://sea.bkslab.org/ search/). The SMILE string of NBP, O=C1OC(c2ccccc12) CCCC was inputted into SEArch. The potential targets of NBP were ranked by E-values and MaxTC.
Molecular docking
Based on SEA prediction, molecular docking of NBP to target proteins was performed using the three-dimensional (3-D) crystal structure, substrate free. NAD(P)H quinone oxidoreductases (PDB code 1D4A), indoleamine 2,3-dioxygenase (IDO) (PDB code 2D0T) and NADHubiquinone oxidoreductase (PDB code 2YBB) were firstly obtained from the Protein Data Bank (http://www.rcsb.org/ pdb/home/home.do). The following molecular docking studied was carried out by software AutoDock Vina (v.1.0.2). The docking parameters for AutoDock Vina were kept at their default values. The binding modes were clustered through the root-mean square deviation (RMSD) among the Cartesian coordinates of the ligand atoms. The docking results were ranked according to their binding free energies. The binding modes with the lowest binding free energies and the most clustered members were chosen for optimum docking conformation. The binding results were illustrated as 3-D and two-dimensional (2-D) diagrams by PyMOL Molecular Graphics System Version 1.3 (Schrödinger, LLC) and Ligplot plus (EMBL-EBI), respectively.
Results
A series of NBP potential targets resulting from SEArch are shown in Table 1 with different E-values and MaxTC. According to the SEA algorithm, the smaller the E-value, the closer the NBP-target interaction (4). All the targets, NAD(P)H quinone oxidoreductases, IDO and NADHubiquinone oxidoreductase were subjected to the following molecular docking study.
The results of molecular docking study showed that NBP bounded to the same binding site on NAD(P)H quinone oxidoreductases as the substrate FAD, ensuing in competitive inhibition for the catalytic site with −7.2 kcal/mol. NBP interacted with Trp105, Phe178, Tyr128, Tyr155, His161 and Gly174 with hydrophobic bonds, as well as Phe106 possessing external covalent bonds, thus interrupted FAD binding to specific residues and triggering of downstream signals. The 1,4-dihydronicotinamide adenine dinucleotide binding to NADH-ubiquinone oxidoreductases served as a key role in mitochondrial supercomplex function, which can be inhibited by NBP through binding to the same pocket with −7.7 kcal/mol. Docking results illustrated that NBP can form an external covalent bond with Lys75 and hydrophobic bonds with Thr217, Ile218, Glu185, Phe120, Phe78 and Pro206. Besides binding to mitochondrial complex, NBP also targeted at the inhibitor-binding site of IDO with −7.5 kcal/mol. Ser167 and Tyr126 interacted with NBP through an external covalent bond and a hydrogen bond, respectively (Figure 1 ). Quant Imaging Med Surg 2017;7(5):532-536 qims.amegroups.com
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Discussion NAD(P)H quinone oxidoreductases (NQO1) is a 2-eletron reductase located within the cytosol, belonging to the NAD(P)H dehydrogenase (quinone) family. It is generally considered as an efficient detoxifying enzyme by transforming reactive factors such as quinones, quinoneimine and glutathionyl-substituted into harmless forms when cells are responding to a large spectrum of oxidative stresses (5) . Moreover, NQO1 displays a controversial effect on cell survival and death: NQO1 can stabilize p53, which is a crucial tumor suppressor in certain human carcinomas; NQO1 also enhances γ-irradiationinduced apoptosis in normal thymocytes, which is p53dependent (6) . On the other hand, animal experiment has indicated that NBP could reduce glial apoptosis in diabetic rat (7) . As in our study, one potential mechanism of the clinical effects of NBP on neurological functions is that competitive binding of NBP to NQO1 may break the 3-D structure of NQO1 and cause P53 degradation, resulting in a decrease of p53-medicated apoptosis in ischemic brain cells. Hence, it is possible that NBP suppresses glial apoptosis by restricted P53 degradation via inhibition of NAD(P)H quinone oxidoreductases.
IDO is a key enzyme in kynurenine pathway to catalyze the conversion of L-tryptophan to N-formylkynurenine. IDO is well-known for its checkpoint role in the immune system. Abnormal excessive IDO is frequently observed in a variety of diseases (8) . Intriguingly, it has been demonstrated that IDO can modulate vascular tone and play an important role in cerebral ischemia-reperfusion in a mouse model (9) . However, the underlying mechanisms are still unclear. Besides that, it is also reported that excessively expressed IDO could lead to depression following ischemic stroke (10, 11) . Moreover, over-expressed IDO in hippocampus may also play a role as a pathological factor in Alzheimer disease (12) . In the paper our team published in 2012, it has already been shown that NBP also exerts the therapeutic effect in vascular dementia (3) , which may be partially explained by previously reported functions of IDO. In conclusion, NBP may play a role as an anti-stroke and anti-dementia drug via inhibiting IDO.
As ubiquitous energy organelles, mitochondria provide most of the adenosine triphosphate (ATP) for cells through the respiratory chain comprising several complex and supercomplex (13) . NADH-ubiquinone oxidoreductase is a complex containing 44 subunits. Disassociation or mutation of this complex exists within many human disorders such as Leigh syndrome (14) . Of note, pathological defects of mitochondrial respiration have a close correlation with both acute neuronal trauma and chronic neurodegenerative diseases (13) . Metformin, as an inhibitor of NADHubiquinone oxidoreductase, is proved to exert protective role in ischemic stroke through suppression of ROS (reactive oxygen species). NBP may suppress ROS by the mechanism relying on NADH-ubiquinone oxidoreductase in a manner of resembling metformin (15, 16) . Based on the paper we published in 2012 (2), NBP may prevent neurological deficits and cerebral injury following stroke as an anti-oxidant agent, which is in good agreement with our prediction. As NADH-ubiquinone oxidoreductase locates in the inner layer of mitochondria which is highly enriched in glial cells, it could hold true that the anti-ROS role of NBP relies on glial cells rather than neurons. Based on these studies and our data, we come to the hypothesis that NBP may modulate the function of NADH-ubiquinone oxidoreductases by competitively embedding itself into this complex, further affecting mitochondrial respiration in cerebrovascular diseases. Our results are encouraging, but some limitations are worth noting. Although the results of molecular docking are in good agreement with SEA analysis, our data should be further validated. The future study utilizing molecular dynamics simulation and in-vitro binding assays could be performed to further confirm the predicted NBP binding sites.
In sum, our study firstly identifies three potential target proteins of NBP via SEA analysis in combination with molecular docking, which provides a novel aspect for a better understanding of the protective effects of NBP on the nervous system at the molecular level. These three target proteins themselves have extremely physical and pathological functions and may be able to serve as clinical targets of NBP in the future.
